The S213C, I33L, and I33L S213C variants of D-psicose 3-epimerase from Agrobacterium tumefaciens, which were obtained by random and site-directed mutagenesis, displayed increases of 2.5, 5, and 7.5°C in the temperature for maximal enzyme activity, increases of 3.3-, 7.2-, and 29.9-fold in the half-life at 50°C, and increases of 3.1, 4.3, and 7.6°C in apparent melting temperature, respectively, compared with the wild-type enzyme. Molecular modeling suggests that the improvement in thermostability in these variants may have resulted from increased putative hydrogen bonds and formation of new aromatic stacking interactions. The immobilized wild-type enzyme with and without borate maintained activity for 8 days at a conversion yield of 70% (350 g/liter psicose) and for 16 days at a conversion yield of 30% (150 g/liter psicose), respectively. After 8 or 16 days, the enzyme activity gradually decreased, and the conversion yields with and without borate were reduced to 22 and 9.6%, respectively, at 30 days. In contrast, the activities of the immobilized I33L S213C variant with and without borate did not decrease during the operation time of 30 days. These results suggest that the I33L S213C variant may be useful as an industrial producer of D-psicose.
D-Psicose (D-allulose), a carbon-3 epimer of D-fructose, is present in small quantities as a nonfermentable constituent of cane molasses (1) , as a sugar moiety of the nucleoside antibiotic psicofuranine (4) , and as a free sugar in wheat (21) and Itea plants (5) . This rare sugar provides suitable sweetness, smooth texture, favorable mouthfeel, and long-time storage stability in food products (23) . Psicose is considered to be a potential reduced energy sweetener because the sugar suppresses hepatic lipogenic enzyme activity (18) and does not contribute to calorie production (19) .
Biological production of psicose from fructose has been studied using D-psicose 3-epimerase from Agrobacterium tumefaciens (10, 13, 16) and D-tagatose 3-epimerases from Pseudomonas cichorii (7, 24) and Rhodobacter sphaeroides (26) . D-Psicose 3-epimerase from A. tumefaciens has been more effective than the D-tagatose 3-epimerases for the production of psicose. However, D-psicose 3-epimerase is inefficient for the industrial production of psicose because of its short half-life of 63 min at 50°C (10) . Thus, improvement in the thermostability of A. tumefaciens D-psicose 3-epimerase is essential for the industrial production of psicose.
Random mutagenesis and rational protein design are typical tools for improving enzyme thermostability in the protein engineering field. Random mutagenesis techniques such as errorprone PCR and DNA shuffling can be easily applied for the improvement of enzyme thermostability (8, 9, 12, 28) because these techniques do not require detailed structural information or accurate predictions at the substituted residues (14) .
In the present study, thermostable variants of D-psicose 3-epimerase from A. tumefaciens were obtained by random and site-directed mutagenesis. The temperature for maximal activity, thermostability, apparent melting temperature (T m ), kinetic parameters, and operational stability in a bioreactor of the variants were determined and compared with those of the wild-type enzyme. Moreover, improvement in the thermostability of the variants was elucidated structurally by molecular modeling.
MATERIALS AND METHODS
Error-prone PCR and site-directed mutagenesis. A mutant library of D-psicose 3-epimerase from A. tumefaciens ATCC 33970 was constructed by an error-prone PCR, which was carried out using a PCR mutagenesis kit (ClonTech Laboratories, Palo Alto, CA) with a mutation rate of 2 to 3 mutations per 1,000 bp using plasmid pTrc99A. Forward primer DPE-F (5Ј-AGGAAACAGACCATGGGTA AACACGGCA-3Ј) and reverse primer DPE-R (5Ј-GCTTGCATGCCTGCAG TCAGCCACCAAG-3Ј) were designed to introduce the NcoI and PstI restriction sites (underlined) and were synthesized by Bioneer (Daejon, South Korea). The PCR products, which were obtained by PCR with Taq polymerase (ClonTech Laboratories), were used for transformation in the Escherichia coli BL21 strain. Site-directed mutagenesis was performed using the QuikChange sitedirected mutagenesis kit and protocol (Stratagene, Beverly, MA). DNA sequencing was performed at the DNA sequencing facility of Macrogen (Seoul, South Korea).
Screening for thermostable variants. E. coli BL21 cells harboring pTrc99A plasmid containing a mutant gene coding for A. tumefaciens D-psicose 3-epimerase were cultivated in a 96-well plate with 200 l of Luria-Bertani (LB) medium containing 50 g/ml of ampicillin per well at 37°C with shaking at 500 rpm for 6 h in a plate shaker. Subsequently, 10 l of culture broth was added to the wells of a new 96-well plate with 200 l of LB medium containing 50 g/ml of ampicillin and 0.1 mM isopropyl ␤-D-thiogalactopyranoside (IPTG) for induction of enzyme expression, followed by incubation at 37°C with shaking at 500 rpm for 6 h. The cultured mutants were then heated at 60°C for 5 min. After heating, 100 l of culture broth and 50 l fructose at a final concentration of 15 mM were added to the wells of another 96-well plate and incubated at 50°C for 30 min. The fructose concentration of the reaction mixture was determined using a fructose assay kit with D-fructose dehydrogenase, according to the manufacturer's instructions (Toyobo, Osaka, Japan). Mutants that exhibited fructoseconverting activities greater than 1.2-fold that of wild-type cells were selected.
For the second round of selection, mutants were cultivated in 3 ml of LB broth containing 50 g/ml of ampicillin in a 20 ml-test tube at 37°C with shaking at 200 rpm for 6 h. Then, IPTG was added to a final concentration of 0.1 mM to induce expression, and the culture was incubated at 37°C with shaking at 200 rpm for another 6 h. The cells were harvested and disrupted on ice using a sonicator. Cell debris was removed by centrifugation at 13,000 ϫ g for 20 min at 4°C. The crude extracts were obtained as the supernatants were heated at 55°C for 5 min and then incubated at 50°C for 10 min in 50 mM N-(2-hydroxyethyl)piperazine-NЈ-(3-propanesulfonic acid) (EPPS) buffer (pH 8.0) containing 20 mM fructose. Mutants were selected by determining the enzyme activity for psicose production using high-performance liquid chromatography (HPLC).
After the second round of selection, the mutant genes coding for D-psicose 3-epimerase in pTrc99A of the selected mutants were transferred to pET24a(ϩ), and the recombinant plasmid was transformed into E. coli BL21. The recombinant cells were cultivated in a 2-liter flask with 500 ml of LB broth containing 50 g/ml of kanamycin at 37°C with shaking at 200 rpm. When the optical density of bacteria reached 0.6 at an absorbance of 600 nm, IPTG was added to a final concentration of 0.1 mM, and the culture was incubated at 16°C with shaking at 150 rpm for 16 h. The purified enzymes were prepared as a described below. Based on the psicose-producing activities and half-lives of the purified enzymes, the variants were finally selected.
Enzyme purification. The cells were harvested from culture broth by centrifugation at 6,000 ϫ g for 30 min at 4°C, washed twice with 0.85% NaCl, and then resuspended in 50 mM phosphate buffer (pH 8.0) containing 300 mM KCl and 10 mM imidazole. The resuspended cells were disrupted on ice using a sonicator. The unbroken cells and cell debris were removed by centrifugation at 13,000 ϫ g for 20 min at 4°C, and the supernatant was applied to an immobilized metal ion affinity chromatography (IMAC) cartridge (Bio-Rad, Hercules, CA) equilibrated with 50 mM phosphate buffer (pH 8.0). The cartridge was washed extensively with the same buffer, and the bound protein was eluted with a linear gradient between 10 to 500 mM imidazole with a flow rate of 1 ml/min. The eluent was collected and loaded immediately onto a Bio-Gel P-6 desalting cartridge (BioRad), previously equilibrated with 50 mM EPPS buffer (pH 8.0). The loaded protein was eluted with 50 mM EPPS buffer (pH 8.0) at a flow rate of 1 ml/min, and the resultant solution was used as a purified enzyme. All purification steps using the cartridges were carried out in a cold room at 4°C with a Profinia protein purification system (Bio-Rad).
Enzyme assay. To bind the D-psicose 3-epimerase with Mn 2ϩ and to remove unbound Mn 2ϩ , the enzyme was incubated at 20°C with 1 mM Mn 2ϩ for 4 h and dialyzed at 4°C for 16 h against 50 mM EPPS buffer (pH 8.0). Unless otherwise stated, the reactions were performed at 50°C for 10 min in 50 mM EPPS buffer (pH 8.0) containing 20 mM fructose and 0.21 U/ml of enzyme and stopped by the addition of HCl to achieve a final concentration of 200 mM. One unit of D-psicose 3-epimerase activity was defined as the amount of the enzyme required to produce 1 mol of psicose per min at pH 8.0 and 50°C.
Effects of pH and temperature. To evaluate the effects of pH and temperature on the activities of the wild-type and variant enzymes, pH value was varied between 6.5 and 8.5 using 50 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (PIPES) buffer (pH 6.5 to 7.5) and 50 mM EPPS buffer (pH 7.5 to 8.5), and the temperature was varied from 40 to 70°C at pH 8.0. The experimental data for enzyme deactivation were fitted to a first-order curve, and the enzyme half-life was calculated using Sigma Plot 10 software (Systat Software, San Jose, CA).
Determination of apparent melting temperature. The apparent melting temperatures (T m ) of the wild-type and variant enzymes were measured calorimetrically at temperatures ranging from 20 to 100°C at a scan rate of 90°C/h. A differential scanning calorimeter (VP-DSC; MicroCal, Piscataway, NJ) was employed using 150 M enzyme in 50 mM potassium phosphate buffer (pH 8.0).
Molecular modeling. Based on the three-dimensional structure of D-psicose 3-epimerase from A. tumefaciens (11) , optimized three-dimensional models of the wild-type and variant enzymes were generated using molecular dynamics (MD) simulation, to elucidate the improvement in their thermostability. All of the structures generated were minimized using CHARMM (17) , and all of the molecular parameters and atomic charges were obtained from the set of CHARMM force field parameters. After energy minimization, MD was performed at 300 K and 1 atom for 500 ps with 1 fs each step. The conformations of the I33L and S213C variants were constructed from the minimized structure of the wild-type enzyme by replacing each amino acid at the respective position. All simulation experiments were performed using an HP XW6200 Workstation with dual Intel Xeon 3.2-GHz processors.
Operation of packed-bed bioreactor. Duolite A568 beads (10 g wet weight) carrying the wild-type or I33L S213C variant enzyme of D-psicose 3-epimerase (140 mg protein) were packed into a reactor (XK 16; Amersham Pharmacia Biotech, Uppsala, Sweden) and used for continuous production of psicose. The working and effective working volumes of the reactor (height, 50 mm; diameter, 16 mm) were 10 and 2.6 ml, respectively, and the total activity of the enzyme was 330 U. A solution of 104 g/liter borate buffer (pH 9.0) or 50 mM EPPS buffer (pH 8.0) containing 500 g/liter fructose in the feeding reservoir was fed continuously into the reactor, and the effluent flowed out of the reactor to the outside reservoir using a peristaltic pump. The temperature was maintained at 45°C using a water circulator. The reactor was washed by feeding the fructose solution with a flow rate of 10 ml/min until protein in the effluent was not detected. After removing unbound enzyme, long-term operation of the reactor was performed at a dilution rate of 1.62 liters/h with borate or at 4.15 liters/h without borate.
Analytical methods. The concentrations of fructose and psicose were determined by an HPLC system (SCL-10A; Shimadzu, Kyoto, Japan) equipped with a Shimadzu RID-10A detector and a BP-100 Ca 2ϩ carbohydrate column (Benson Polymeric Inc., Reno, NV). The column was eluted at 80°C with water at a flow rate of 0.5 ml/min.
RESULTS AND DISCUSSION

Screening of thermostable variants created by random mutagenesis. A mutant library of cells containing mutant genes of
A. tumefaciens D-psicose 3-epimerase was constructed by errorprone PCR. After heat treatment at 60°C for 5 min, 150 mutants exhibiting fructose-converting activity greater than 1.2- fold that of wild-type cells were selected from the 5,000 initially obtained mutants. These first-selected mutants were cultured in 20-ml test tubes, and after the crude extracts obtained from the culture broths were assayed, 23 variants were selected. The cells containing the second-selected mutant genes were cultured in a 2-liter flask, and the crude extracts obtained from the culture broths were used to purify the variants by IMAC and Bio-Gel P-6 desalting cartridges, giving each variant as a single band by SDS-PAGE (data not shown). The activities and half-lives of the purified variants were measured at 55°C. Based on the half-lives of the variants, the five best variants were selected. Although the half-lives of the five mutants followed the order G67C (132 min) Ͼ I33L (64 min) Ͼ S213C (28 min) Ͼ V96A (18 min) Ͼ S8T (15 min), the G67C variant showed remarkably decreased specific activity, and the V96A and S8T variants displayed 51 and 29% of the wild-type activity, respectively. Thus, the S213C and I33L variants were finally chosen.
Site-directed mutagenesis of the residues at positions 33 and 213. To look for a D-psicose 3-epimerase that was more thermostable than the chosen S213C and I33L variants, sitedirected mutagenesis of the residues at positions 213 and 33 was performed. The polar uncharged Ser residue at position 213 was substituted for with the polar uncharged residues Thr, Cys, and Met; the nonpolar residue Pro; the negatively charged residue Glu; and the positively charged residue Lys. The S213K variant showed no activity. The half-lives of the wild-type and variant enzymes at position 213 followed the order S213C (28 min) Ͼ wild-type enzyme (10 min) Ͼ S213P (6 min) Ͼ S213T (5 min) Ͼ S213M (3.2 min) Ͼ S213E (2.8 min). The nonpolar residue Ile at position 33 was substituted for with other typical amino acids, including the polar uncharged residue Cys; the nonpolar residues Val, Leu, and Pro; the negatively charged residue Glu; and the positively charged residue Lys. The I33P, I33K, and I33E variants showed no activity. The half-lives of the wild-type and variant enzymes at position 33 followed the order I33L (63 min) Ͼ I33C (24 min) Ͼ I33V (12 min) Ͼ wild-type enzyme (10 min). These results indicated that Ser at position 213 and Leu at position 33 were the most suitable residues for enhancing thermostability, and thus the I33L and S213C variants were selected.
A double-site variant was generated using the combination of the I33L and S213C mutations. The half-lives of the constructed double-site variant I33L S213C (265 min) were 26-, 9-, and 4-fold the half-lives of the wild-type, S213C, and I33L variant enzymes, respectively. The thermostability of the double-site variant was improved synergistically by the mutations of I33L and S213C.
Characterization of the wild-type and variant enzymes. The optimal pH values of the wild-type and three variant enzymes were the same (pH 8.0) (data not shown). However, the maximal activities for the wild-type and S213C, I33L, and I33L S213C variant enzymes were observed at 50, 52.5, 55, and 57.5°C, respectively. The thermal stabilities at 50 and 55°C were investigated for the four enzymes. The wild-type, S213C, I33L, and I33L S213C variant enzymes had half-lives of 62, 202, 445, and 1,853 min at 50°C, respectively (Fig. 1A) , and 10, 28, 64, and 265 min at 55°C, respectively (Fig. 1B) . The halflives of the S213C, I33L, and I33L S213C variants were 3.3-, 7.2-, and 29.9-fold the half-life of the wild-type enzyme at 50°C, respectively, and 2.8-, 6.4-, and 26.5-fold the half-life of the wild-type enzyme at 55°C, respectively. The apparent melting temperatures (T m ) of the wild-type, S213C, I33L, and I33L S213C variant enzymes were 60.5, 63.6, 64.8, and 68.1°C, respectively, reflecting increases of 3.1, 4.3, and 7.6°C for the S213C, I33L, and I33L S213C variants, respectively, compared with the T m of the wild-type enzyme. The two residue substitutions appeared to contribute independently to the increase in T m , as the sum of the T m increases of the single-site variants S213C and I33L was similar to the increase of the double-site variant S213C I33L.
The kinetic parameters of the wild-type, S213C, I33L, and I33L S213C variant enzymes were determined ( Table 1 ). The kinetic parameters of the single-site variants I33L and S213C were almost similar to those of the wild-type enzyme. However, the k cat /K m of the double-site variant I33L S213C was approximately 1.4-fold that of the wild-type enzyme because of its approximately 1.4-fold-lower K m .
Molecular modeling of the wild-type and variant enzymes. Molecular modeling demonstrated that the region neighboring Ser213 in the wild-type enzyme contained two putative hydrogen bonds, one between Ser213 and Arg222 and one between Glu212 and Arg215 ( Fig. 2A) . In contrast, the region neighboring Cys213 in the S213C variant involved six putative hydrogen bonds: one each between Phe185 and Asn188, Cys213 and Arg222, and Glu212 and Arg222, and three between Glu212 and Asn215 (Fig. 2B) . In general, an increase in the number of hydrogen bonds between side chains of residues improves protein thermostability (22, 25) . This suggests that the higher number in putative hydrogen bonds in the S213C variant enzyme may contribute to its increased thermostability.
In the molecular models, the wild-type enzyme showed no aromatic stacking interactions (Fig. 2C) , whereas the I33L variant exhibited aromatic stacking interactions between Tyr7 and Tyr21 (Fig. 2D) . The formation of aromatic stacking interactions via strong Van der Waals binding has been reported to increase the thermostability of a protein (6, 20) . Thus, the aromatic stacking interactions in the I33L variant may improve its thermostability.
Continuous psicose production by the immobilized wildtype and variant enzymes with and without borate. Borate forms complexes with carbohydrates, interacts with enzyme systems, and changes the equilibrium of reactions involving cis-diol carbohydrates based on the difference in binding affinities for sugars (3) . Complex formation of L-ribulose, D-tagatose, or D-psicose with borate results in high conversion yields of these sugars (13, 15, 27) . Thus, continuous production of psicose by immobilized wild-type and I33L S213C variant enzymes in a packed-bed reactor was evaluated with and without borate for 30 days (Fig. 3) . The optimal dilution rates with and without borate using the immobilized wild-type enzyme were determined in previous studies (16) . The immobilized wildtype enzyme with and without borate maintained activity for 8 days at a conversion yield of 70% (350 g/liter psicose) and for 16 days at a conversion yield of 30% (150 g/liter psicose), respectively. After 8 or 16 days, the enzyme activity gradually decreased, and the conversion yields with and without borate were reduced to 22 and 9.6% at 30 days, respectively. In con- trast, the activity of the immobilized I33L S213C variant with and without borate did not decrease during the operation time of 30 days. These results indicate that the addition of borate was effective for enhanced production of psicose from fructose by D-psicose 3-epimerase and that the immobilized I33L S213C variant was suitable for long-term production of psicose in a bioreactor because of its improved thermostability. In summary, the I33L S213C double-site variant of Dpsicose-3-epimerase obtained from random and site-directed mutagenesis showed increases of 7.5°C, 29.9-fold, and 7.6°C in optimal temperature, half-life at 50°C, and melting temperature, respectively, compared with the wild-type enzyme. Psicose was continuously produced from fructose in the packed-bed reactor without the decrease of activity during the operation time of 30 days because of the improved stability of the I33L S213C variant. Thus, the double-site variant may be useful for the commercial manufacture of psicose using an enzymatic process.
